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INTRODUCTION
Chlorine is an important element being incompatible in nearly all silicates, volatile with a 50% condensation temperature of 940 K (Lodders, 2003) , and strongly hydrophilic (Sharp et al., 2010a) . The Cl isotope composition of meteorites is given in the standard delta notation (per mil, ‰) format where:
R is 37 Cl/ 35 Cl ratio and the reference used is SMOC (standard mean ocean chloride) with a d 37 Cl value of 0.0‰ (Kaufmann et al., 1984) . The d 37 Cl value can provide useful information regarding the isotopic reservoirs of volatiles that were present in the early Solar System and any subsequent secondary processes that may have occurred on different parent bodies (e.g., Sharp et al., 2007 Sharp et al., , 2013b Bellucci et al., 2017) . There is a relatively narrow range in the Cl isotope compositions of terrestrial rocks, martian meteorites and chondritic meteorites (d 37 Cl $ À5.6 to +3.8‰ although one data point for a martian meteorite does reach +8.6‰) (Sharp et al., 2007 (Sharp et al., , 2013b Williams et al., 2016; Bellucci et al., 2017; Manzini et al., 2017; Hu et al., 2019) , with eucrites ranging up to $+12‰ (Roszjar et al., 2015; Sarafian et al., 2017b) and the lunar samples being a clear exception to this rule. Based on data that are currently available in the peer-reviewed literature, lunar samples display a significant range in Cl isotopic composition, especially lunar apatite (e.g. Barnes et al., 2016 Barnes et al., , 2019 Potts et al., 2018) , which shows d 37 Cl values ranging from $À4 ± 2‰, lighter than typical terrestrial values (0 ± 2‰, e.g. Sharp et al., 2007) , to extremely fractionated values of $+40 ± 2.9‰ (e.g. Sharp et al., 2010b; Boyce et al., 2015; Barnes et al., 2016; Potts et al., 2018) . The Howardite-Eucrite-Diogenite (HED) meteorites comprise the largest suite of crustal and sub-crustal rocks available from a differentiated basaltic asteroid (most probably 4 Vesta) (McCord et al., 1970; De Sanctis et al., 2012; McSween et al., 2013) . The eucrites are also some of the oldest igneous rocks in the Solar System, typically with crystallisation ages from 4547 Ma to 4559 Ma (Misawa et al., 2005; Zhou et al., 2013; Touboul et al., 2015) . Characterising the volatile inventories of eucrites is therefore central to understanding the processes that operated on asteroid parent bodies early in the Solar System history.
Based on their petrographic and chemical characteristics, eucrites are subdivided into basaltic and cumulate groups (Stolper, 1977; Mayne et al., 2009 ). The basaltic eucrites, the most numerous of all eucrites, are fine to medium-grained igneous rocks, and predominately composed of pigeonite and calcic plagioclase (ranging from bytownite to anorthite; Mittlefehldt, 2015) . Cumulate eucrites are thought to be mixtures of cumulus minerals (pyroxene and plagioclase) and trapped melt whose parent magmas were similar to basaltic eucrites (Treiman, 1997; Barrat et al., 2000; Mittlefehldt and Lindstrom, 2003; Barrat, 2004) . These cumulate eucrites potentially formed at greater depths where elevated temperatures kept some isotopic systems open for a significant period of time after eucrite formation (Bogard and Garrison, 2003) .
The basaltic eucrites can be further subdivided based on their bulk-rock magnesium number (Mg#) or FeO total /MgO weight ratio, and their Ti and incompatible trace element abundances (Stolper, 1977; Hsu and Crozaz, 1996; Hutchison, 2004; Barrat et al., 2007) into the Main Group-Nuevo Laredo (hereafter referred to as Main Group) and Stannern trends. The Main Group comprises the majority of the basaltic eucrites and is widely accepted as a fractional crystallisation trend (Stolper, 1977; Warren and Jerde, 1987; Mittlefehldt and Lindstrom, 2003) showing a linked increase in incompatible element abundance with decreasing Mg#. The Stannern trend eucrites have very similar major element abundances to Main Group eucrites but have higher abundances of Ti and incompatible elements, enrichments that are not linked to Mg# (Barrat et al., 2000; Hutchison, 2004; Barrat et al., 2007) , they also have isotopically heavier Fe isotopic compositions than other eucrites . Barrat et al. (2007) suggested that the contamination of Main Group eucrites by crustal melts could explain both the elevated incompatible element concentrations and the distinctive Eu, Sr, and Be anomalies shown by Stannern trend eucrites. A partial melt would leave behind a residual eucrite with LREE depletion, which Yamaguchi et al. (2009) observed in several eucrites and believed to be a third geochemical trend dubbed the 'residual eucrites'.
Apatite [Ca 5 (PO 4 ) 3 (F, Cl, OH)] is a widely distributed accessory phase in planetary materials (e.g. Delaney et al., 1984; Sarafian et al., 2013; McCubbin and Jones, 2015) and was the only known volatile-bearing mineral phase in eucrites until preliminary studies by Stephant et al. (2016) and Sarafian et al. (2017c) measured the H 2 O abundance and H isotopic composition of eucritic pyroxenes (up to 193 ± 11 ppm H 2 O) . Apatite contains hydrogen in the form of structurally bound OH À , but in this contribution the measured OH abundance is converted to its weight equivalent H 2 O for the purposes of comparing the data with those in the literature. Currently, the data on volatiles (H and Cl) in apatite from eucrites is limited, owing to a small number of studies (Sarafian et al., 2013 (Sarafian et al., , 2014 (Sarafian et al., , 2017b Roszjar et al., 2015; Barrett et al., 2016; Schneck et al., 2016) . In order to investigate the history of volatiles in eucrites, the Cl isotopic composition of apatite from the cumulate eucrite Moore County and the basaltic eucrites Agoult, Dar al Gani (DaG) 844, DaG 945, Millbillillie, North West Africa (NWA) 2362 and Stannern were measured. Apatite grains in all samples except Agoult and NWA 2362 were previously analysed for their H isotopic composition and H 2 O abundances . The zinc isotopic composition of DaG 945 was also measured specifically to test the hypothesis of Cl isotope fractionation via metal chlorides which is outlined below in Section 5.2.
SAMPLE DESCRIPTIONS
The majority of samples studied here have been previously described in for the same thin sections and apatite grains. Sample descriptions for these meteorites are included in the supplementary material of this work; new residual eucrite samples are described in Yamaguchi et al. (2009) and also briefly in the supplementary material. Representative back-scattered electron (BSE) images illustrating the textural and petrological context of the apatite grains analysed in this study are provided in the supplementary material ( Fig. SM1 ). See Table 1 for an overview of samples studied here.
METHODS

Scanning electron microscopy
To locate appropriate apatite grains (i.e. large enough grains with sufficient crack-free areas for isotope analyses) each polished thin-section was carbon-coated using an EMITECH K950X Turbo carbon sputter coater and examined at The Open University using a Quanta 3D Focused-Ion-Beam Scanning Electron Microscope (FIB-SEM) fitted with an Oxford Instrument INCA energy dispersive X-ray detector. An electron beam with an acceleration voltage of 20 kV and a beam current of 0.6 nA was used for the acquisition of all the backscatter electron (BSE) images and elemental X-ray maps. Whole-section elemental Xray maps were acquired for each sample and correlated hotspots of Ca and P X-rays were used to locate phosphates, which were subsequently investigated by rapid energy dispersive spectroscopy (exposure $30 s) to distinguish between apatite and merrillite [(Mg, Fe) 2 REE 2 Ca 16 P 14 -O 56 ]. Once located, high-resolution BSE and secondary electron (SE) images of the phosphates were collected to aid subsequent ion-probe work.
Nano Secondary Ion Mass Spectrometry (NanoSIMS) protocol
The Cl content and Cl isotopic compositions of apatite were measured using the Cameca NanoSIMS 50L at The Open University in multi-collection mode using a refined protocol based on Tartèse et al. (2014) and Barnes et al. (2016) , acquiring negative secondary ions of 18 O, 35 Cl, 37 Cl, and 40 Ca 19 F, simultaneously on electron multipliers. Prior to ion-probe analyses, the carbon coat used for SEM analysis was removed, samples cleaned, and then coated with a $30 nm gold coat. Samples were stored in a vacuum oven at $55°C for at least 24 hours prior to transfer to the NanoSIMS airlock. Once in the airlock, each sample was left to degas under vacuum at $55°C for at least another day before transferring it to the vessel chamber. The primary current for three of the four analytical sessions was $50 pA (in Cs + mode). Counts per second (cps) for Cl in these sessions were also kept to below 85,000 using the aperture slit (AS) and entrance slit (ES) as experience has shown a significant increase in detector ageing at, and above this value. The January 2016 session used the lower probe current of $25 pA without AS to avoid detector age-ing owing to excessive counts on the electron multipliers. Mass 40 Ca 19 F was monitored in real time imaging (RTI) mode to identify apatite grains prior to analyses. Typically, a 5 mm Â 5 mm area was analysed, however for some smaller grains this area was decreased to as small as 3 mm Â 3 mm. For samples analysed at smaller raster areas than that of the standards (analysed at 5 mm Â 5 mm), a correction was applied to their isotopic composition (see supplementary material for details). As analyses showed homogenous images of 18 O and 35 Cl in RTI mode; no electronic gating was used. Pulse height detection (PHD) adjustment was carried out at the start of each day for 18 O, 35 Cl and, 37 Cl and every few days for 40 Ca 19 F to account for detector ageing. The external coils were optimised to eliminate mass discrimination at the entrance slit. Terrestrial apatite standards (Ap003, Ap004, Ap018, Ap020; see McCubbin et al., 2012) were used for calibration purposes in this study. Ap004 (d 37 Cl value of $+0.11‰; Barnes et al., 2016) was used to correct for instrumental mass fractionation of the measured isotope ratios and together with Ap003, Ap018 was analysed to produce a calibration curve of known Cl abundance vs. 35 Cl/ 18 O ratio from which the eucrite apatite Cl contents were calculated. Although the Cl isotopic composition for Ap003 and Ap018 are unknown and these standards were only used for abundance calibration, their isotopic composition was measured for further monitoring of instrument performance. Supplementary Table 1 provides the average Cl isotopic composition and 2r standard deviation of these standards relative to Ap004. Supplementary Fig. 2 shows the reproducibility of the d 37 Cl values measured on apatite standard Ap004 across one day ( Fig. SM2a ) as well as five analytical sessions ( Fig. SM2b ). Ap020 was used to assess the reproducibility of d 37 Cl values at low Cl contents (see supplementary material). A nominally anhydrous San Carlos olivine and eucrite pyroxene grains located close to the analysed apatite were used to assess the total background Cl contribution. The total background Cl was found to be less than 2 ppm for all sessions (typically 0.2-0.8 ppm). The background contribution to the measured results was <7%, and typically 0-2%, so unless the Cl background had an extreme isotopic composition, it would have a negligible effect on the measured ratios. The Cl isotopic composition of Ap020 (noted for its low Cl content; McCubbin et al., 2012) was analysed to investigate the reproducibility at low Cl concentrations and found to be within error of typical terrestrial values when compared to Ap004 ( Fig. SM3 , average value d 37 Cl -1.21 ± 8.9‰, 2r n = 8, uncertainties are high owing to poor counting statistics on low abundance samples). There is, therefore, no evidence for an extreme isotopic composition of the background and as such no correction for background contribution was conducted.
Electron Probe Microanalysis (EPMA)
Apatite grains were analysed using the Cameca SX100 at The Open University. The beam conditions used were similar to those recommended by Goldoff et al. (2012) (10 kV, 4 nA), to minimise the potential mobilisation of volatile elements and have been previously used at the Open University to measure apatite (e.g., Tartèse et al., 2014) . The beam diameter used for analyses was 5 mm.
There has been some discussion in the literature regarding the effects of exposing an apatite grain to a high-current electron beam, such as those typical of routine analysis of major rock-forming minerals by SEM or EPMA and whether this may mobilise the volatiles within and/or out of the apatites crystal structure (e.g. Stormer et al., 1993; McCubbin et al., 2010; Goldoff et al., 2012; Barnes et al., 2013; Stock et al., 2015) . Stormer et al. (1993) first demonstrated that both F and Cl X-ray intensities increase during analysis and that this effect was strongly anisotropic, though later work by McCubbin et al. (2010) observed constant Cl rates throughout analyses.
To minimise the mobilisation of F, it was measured first in isolation on a PCO crystal. The crystal was then rotated out of position and the remaining elements were analysed together. Calibration standards used for these analyses include jadite (Na), strontium fluoride (F), bustamite (Mn, Ca), yttrium phosphate (Y, P), tugtupite (Cl), cerium metal (Ce), barite (S), haematite (Fe), forsterite (Mg), feldspar (Si). A secondary apatite standard was analysed prior to analysing unknowns and compared to its known chemical composition to ascertain precision and reproducibility (accuracy better than 2.9% for all elements other than F which was better than 9.7%; reproducibility better than 0.43 wt.% 2r).
For major elements in the surrounding mesostasis area, a 20 kV accelerating voltage and 20 nA beam current with a 10 mm spot size were used. The elements of interest were calibrated against in-house EPMA standards: for pyroxene, diopside (Ca, Mg, Si), kaersutite (Al), rutile (Ti), rhodonite (Mn) and fayalite (Fe); for plagioclase, anorthite glass (Si, Al, Ca), oligoclase (Na), kaersutite (Mg), orthoclase (K); for chromite, ilmenite and oxides, chromite (Al, Cr, Fe, Mg), diopside (Ca, Si), rutile (Ti), vanadium metal (V), and rhodonite (Mn).
Zinc isotope analysis protocol
Zinc isotope compositions of bulk DaG 945 were measured using a Thermo Scientific Neptune Plus Multi-Collector Inductively-Coupled-Plasma Mass-Spectrometer (MC-ICP-MS) at the Institut de Physique du Globe in Paris (IPGP) following a well-defined protocol (Chen et al., 2013; Moynier and Le Borgne, 2015; .
Approximately 100 mg of sample powder was dissolved in conc. HNO 3 /HF and heated at 130°C in PTFE containers. Subsequently, the samples were dried down and 5 ml of 6N HCl was added to the residue before heating again to dissolve remaining fluoride complexes. The sample was then dried down again. The chemical purification of Zn was achieved by anion exchange chromatography whereby samples were re-dissolved in 1.5N HBr and then loaded onto AG-1 X8 (200-400 mesh) columns. Matrix elements were removed by further addition of 1.5N HBr and Zn was eluted using 0.5N HNO 3 . This process was then repeated on smaller 0.1 mL columns to further purify Zn. The collected solution was then heated to dryness and subsequently taken up in 0.1N HNO 3 for mass spectrometry analysis.
Masses 62 Ni, 63 Cu, 64 Zn, 65 Cu, 66 Zn, 67 Zn and 68 Zn were collected on Faraday cups. Isobaric interference from 64 Ni was controlled and corrected for by measuring the intensity of the 62 Ni peak. Assuming that the 64 Ni/ 62 Ni ratio is natural (0.2548) the real 64 Zn value can be calculated by;
External precision for these measurements is 0.04‰ for d 66 Zn (2r) . Results are reported as permil (‰) deviations from the JMC-Lyon Zn isotope standard using the following equation.
where Â = 66, 67, or 68.
RESULTS
A total of 33 measurements from 24 individual apatite grains from seven samples were obtained, the data for which are listed in Table 2 and plotted in Fig. 1 . EPMA data for apatite grains and the surrounding phases are provided in the supplementary material (Table SM2, SM3) . Zinc isotope data for DaG 945 along with literature values for other samples investigated in this study are provided in Table 3 .
The chlorine contents of apatite grains studied here display a significant range, from $24 to $4900 ppm Cl (given as ppm by weight hereafter). In basaltic eucrites, apatite grains contain similar amounts of Cl with Millbillillie having a relatively restricted range from $1830 to $2030 ppm Cl (comparable to our EPMA results, Table SM1 ) and both DaG 844 and Stannern containing $1500 ppm Cl. For Stannern these results are comparable to SIMS results of Sarafian et al. (2017b) but $500 ppm lower than the EPMA results of Sarafian et al. (2013) .
The cumulate eucrite Moore County displays a larger range in Cl content, from $110 to $690 ppm, which are within the range measured by EMPA during this study (Table SM1) , but are almost an order of magnitude lower than results of previous studies (Sarafian et al., 2013) . Considerable intra-grain variability in Cl abundance is also observed in Moore County with a single grain having a range of $360 ppm (Ap3). Residual eucrites Agoult and DaG 945 have the lowest Cl contents measured in this study and show restricted variation, both inter-grain as well as intra-grain, with values ranging from $25 to $60 ppm ( Fig. 1 ). NWA 2362, however, has the highest Cl content measured for any eucritic apatite in this study as well as a significant inter-grain ($2320 to $4900 ppm Cl) and intra-grain ($1000 ppm Cl in Ap4) variations; these results consistent with EPMA measurements (Table SM1 ).
The d 37 Cl values obtained for apatite from the basaltic eucrites (DaG 844, Millbillillie, and Stannern) are typically within error of terrestrial values and chondrites or slightly more fractionated in their isotopic composition. Apatite grains within Stannern are very consistent with regards to their isotopic composition, both plotting with d 37 Cl values of $+3.5‰ and are similar to the +2.35 ± 1.18‰ value obtained for DaG 844. Apatite grains within Millbillillie display a somewhat larger range of Cl isotope composition (ranging from À1.49 ± 1.13‰ to +3.03 ± 0.88‰ 2r) but still broadly consistent with terrestrial and chondritic values, having only one data point outside the error envelope.
The d 37 Cl values in Moore County are typically more fractionated than those of basaltic eucrites (+4.22 ± 2.69 to +13.1 ± 3.01‰ 2r), however, the values also display larger uncertainties, owing to poorer counting statistics related to the lower Cl contents of some apatite grains, and are typically within error of the basaltic eucrites ( Fig. 1 ). Moore County does, however, have two grains which are significantly more fractionated than the basaltic eucrites and terrestrial values (+9.31 ± 3.41‰ and +13.1 ± 3.01‰ 2r) and correspond to the lowest Cl content for this sample (113 and 130 ppm Cl, respectively). The residual eucrites display a wide range of chlorine isotope compositions and are typically higher in d 37 Cl than the basaltic eucrites. Agoult has the largest range of d 37 Cl values observed in this study, from À3.98 ± 6.08‰ to +11.6 ± 7.24‰ (2r). The large uncertainties observed in Agoult are, as with Moore County, owing to poorer counting statistics associated with low Cl abundance. Of the five data points from Agoult, three are within error of the majority of basaltic eucrites and the terrestrial range ( Fig. 1) . Two data points, however, have fractionated d 37 Cl values (+8.96 ± 6.66‰ and +11.64 ± 7.24‰ 2r) similar to Moore County, that lie outside of the terrestrial range but within error (owing to the large uncertainties) of some basaltic eucrites ( Fig. 1 ). All apatite studied in NWA 2362, exhibit a resolvable fractionation in d 37 Cl values when compared to the basaltic eucrites and terrestrial values, with values ranging from +4.27 ± 0.87 to +12.3 ± 1.54‰ (2r) and one value even higher at +16.3 ± 1.54‰ (2r) (Fig. 1) . These values are similar to the heavy Cl values observed in Moore County and Agoult. Whilst Agoult and NWA 2362 have elevated d 37 Cl values when compared to the terrestrial range, DaG 945 shows an even more significant fractionation with d 37 Cl values ranging from $+27 ± 4.4‰ to $+39 ± 6.2‰ (2r). The d 37 Cl values of apatite from DaG 945 are amongst the highest chlorine isotopic compositions recorded for any Solar System material. Repeat analyses of DaG 945 apatite (DaG 945 Ap1 and Ap2) in a separate analytical session confirmed the heavy d 37 Cl composition of apatite in this sample. The weighted average d 37 Cl value of all apatite grains from this study (+5.3 ± 2.3‰; n = 33, 95% confidence) is outside of the terrestrial range (À0.2 ± 1.0; Fig. 1 ). When combined with the data of Sarafian et al. (2017b) to give a weighted average d 37 Cl of +1.70 ± 0.71‰ (n = 127, 95% confidence) there is still a small but resolvable difference.
d 66 Zn, d 67 Zn and d 68 Zn compositions of DaG 945 are +13.45‰, +20.15‰ and +26.70‰, respectively. These values are significantly higher compared to other HED meteorites studied by Paniello et al. (2012) (Table 3) .
DISCUSSION
The dataset generated by this work appears to indicate that more than one process is involved in the petrogenesis of the eucrites studied. In the discussion below, several scenarios are discussed as to how these isotopic values could have been produced.
Petrology, mesostasis mineral compositions, and bulk elemental abundance
As mentioned in the previous section, the basaltic eucrites have apatite Cl isotopic compositions that range between 0‰ and +3.5‰ with an appreciable amount of Cl ($1500-2000 ppm) whilst cumulate and residual eucrites display a larger range in isotopic composition (+4.22‰ to +13.1‰ for Moore County and À3.98‰ to +39.2‰ for residual eucrites, respectively) at relatively lower Cl contents (<700 ppm, excluding NWA 2362). The variation observed here both inter-and intra-grain are of similar magnitude, or less, than the data published by Sarafian et al. (2017b) conducted on a different instrument and with one sample in common (Stannern). Data for the Moon also show similar levels of variation (e.g. Boyce et al., 2015; Potts et al., 2018) .
The petrologic context of apatite grains in basaltic eucrite Millbillillie are similar across the entire sample, being associated with ilmenite and chromite, and except for one data point (Ap2) have similar isotopic compositions and abundance. Whilst Ap2 does not have an obvious difference in petrological context and a similar Cl abundance, there is, however, a resolvable isotopic composition enrichment at +3.03 ± 0.88‰ (2r). Sarafian et al. (2017b) . The vertical grey bar is the terrestrial range (À0.2 ± 1.0‰, Sharp et al., 2013b) . The apatite grain analysed in DaG 844, in contrast to Millbillillie and Stannern, occurs interstitial to two large pyroxene grains. Despite its different petrological context the grain has a d 37 Cl value of +2.35 ± 1.18‰, +2 to +3‰ higher than most grains and similar to Stannern and Ap2 in Millbillillie. The Cl abundance of this grain (1444 ppm) is also comparable to Stannern (1490-1537 ppm). The H 2 O abundance of apatite in DaG 844 and two of three Stannern grains, are significantly higher than those seen in Millbillillie . It has been suggested that the relative timing of apatite crystallisation affects the volatile content, with apatite displaying a clear preference of F over Cl and Cl over OH, and therefore, early crystallising apatite would have higher F/OH ratio than later formed apatite (Boyce et al., 2014; . If the pre-requisites of McCubbin and Jones (2015) were met, Millbillillie with its higher Cl content and lower, more variable H 2 O content of apatite, may represent an earlier phase of crystallisation relative to DaG 844 and Stannern.
One grain in Stannern (Ap2) has a noticeably different texture when compared to other apatite studied in this meteorite and the rest of basaltic eucrites. This grain appears to have co-crystallised with the silicates surrounding it even including small amounts of other minerals within the crystal (Fig. SM1 Stannern SOI2 ). Despite this different texture, the grain has a similar Cl abundance and isotopic signature to that of the other grain analysed in Stannern (Ap1). Barrett et al. (2016) noted that this particular grain contained less H 2 O than other Stannern apatite analysed and could represent an earlier-formed apatite within Stannern, consistent with the evolution of apatite chemistry during fractional crystallisation where earlier crystallised apatite is F-rich and OH-poor and late-crystallising apatite is more OH-rich (Boyce et al., 2014; . Moore County apatite grains, on the other hand, do not appear to show significant petrological differences between the grain with heavier (13.1‰) and lighter (4.22‰) d 37 Cl values. Apatite grains here are similar in texture to those described by Sarafian et al. (2013) though the abundance of volatiles, both Cl and H 2 O, are significantly lower than previously reported in the literature. It is possible that Moore County reflects a very localised process rather than larger scale processes such as the mixing of different reservoirs as has been suggested on the Moon (e.g. Barnes et al., 2019) .
The residual eucrites Agoult and DaG 945 share some petrological similarities but appear to be somewhat distinct from NWA 2362. Apatite in all of the samples are typically associated with relict mesostasis regions, but Agoult and DaG 945 apatite appear to have a stronger association with minerals such as chromite, ilmenite and a silica phase and the overall meteorites are more granulitic than NWA 2362. Agoult apatite are located in separate regions with no obvious spatial relationship between the light and the heavy Cl results. DaG 945, on the other hand, displays a consistently heavy Cl isotopic composition throughout the thin section. In NWA 2362, Ap2 stands out as anomalous with regards to its Cl content, almost 2000 ppm lower in abundance than the rest of the grains analysed. This grain, however, would appear to have a similar petrological context as the rest of the analysed grains, though it is closer to cracks filled with likely terrestrial FeO (Fig. SM1 ). Any removal of Cl from this apatite grain by terrestrial weathering would likely have altered the Cl isotopic composition. As this grain has a consistent d 37 Cl with respect to other grains within this sample it would seem unlikely that terrestrial alteration lowered the Cl abundance without compromising its isotopic composition. Two other apatite grains in NWA 2362 (Ap 1 and Ap4) show significant heterogeneity with regards to their Cl isotopic composition. The data points in Ap4 are also variable in Cl abundance with the higher Cl isotopic composition associated with the lower abundance (+16.3 ± 1.55‰ and 3921 ppm, vs. +11.1 ± 1.52 and 4897 ppm Cl). There is no obvious difference in the petrological context of these grains when compared to other NWA 2362 grains and the general intragrain consistency of other apatite analysed within this study would suggest that this heterogeneity is real. As the residual eucrites have all experienced high degrees of thermal metamorphism and the extraction of partial melts (Yamaguchi et al., 2009) , it is possible that the degree of melt extraction could have affected the Cl content and isotopic composition, which is discussed later in Section 5.4.
In the case of lunar apatite in mesostasis regions, Potts et al. (2016) note that the development of individual melt pockets exerts a greater control on the composition and texture of the mesostasis region than the bulk. Any changes in the chemistry of minerals surrounding apatite could, therefore, highlight differences in crystallisation conditions between apatite grains and potentially explain the variation observed. As such, the chemical compositions of mineral phases surrounding the apatite grains were analysed but no obvious systematic variations could be correlated to d 37 Cl values for any sample (Table SM3 ). The surrounding mineral phases all have typical compositions in terms of major elements for eucrites of their type and are broadly consistent with published literature values (e.g. Yamaguchi et al., 2009 ; and supplementary material of Mittlefehldt, 2015) . Interestingly, the basaltic eucrites all contain merrillite (though only in the DaG 844 section studied here was merrillite and apatite observed in close proximity to one another) but merrillite was not observed in the other samples in this study. All of the basaltic eucrites have consistently low and invariant d 37 Cl values and very similar Cl contents compared to the more variable Cl isotope signatures in residual and cumulate eucrites (Table 2) . Similarly, Sarafian et al. (2017b) did not observe correlations between the presence and/or absence of merrillite and d 37 Cl values in basaltic eucrites: NWA 1908 and NWA 5073 both have distinctly non-zero d 37 Cl values (average values of +7.10 ± 4.57‰ and À3.75 ± 1.14‰, respectively) and a much larger range in Cl content (988 ppm and 2058 ppm Cl respectively; Sarafian et al., 2017b) . It should be noted, however, that NWA 5073 contains olivine veins which indicate this sample could potentially be a highly metasomatised eucrite Roszjar et al., 2011; Warren et al., 2014) . As no sample studied here displays evidence of metasomatism (e.g. veining), this can be effectively ruled out as a mechanism for fractionation of Cl (and Zn) isotopes. The metamorphic grade, indicated using the pyroxene classification of Takeda and Graham (1991) and expanded upon by Yamaguchi et al. (1996) , also shows no correlation with either the Cl abundance or the Cl isotopic signature of the meteorite.
In a recent study, Sarafian et al. (2017b) observed a correlation between major and trace elements plus halogen content with d 37 Cl and suggested that this was related to degassing of the vestan magma ocean or, alternatively, during emplacement or eruption after the magma ocean phase. Fig. 2 displays the bulk rock abundances for various elements plotted against apatite d 37 Cl values. The figure shows that there are very weak or no correlations between bulk major elements, and d 37 Cl and correlation improves somewhat if DaG 945 is excluded (DaG 945 is excluded based on its large leverage (HI) values in a simple linear regression model. See supplementary material and Tables SM4, SM5 for more details). Sarafian et al. (2017b) suggested a negative relationship between both Mg and Cr and d 37 Cl owing to the crystallisation of olivine and spinel during magma ocean crystallisation, respectively. Similarly, their positive relationship between Sc and d 37 Cl implied that olivine rather than pyroxene was a major phase during magma ocean crystallisation. The weak correlation observed between bulk K and apatite d 37 Cl could represent the coupled loss of K and Cl during degassing as KCl (Sarafian et al., 2017b) . DaG 945, however, is an obvious outlier in Fig. 2 with an appreciable amount of K and significant enrichment in Cl isotopic signature. This anomalous signature could potentially be caused by the degassing of KCl being suppressed by an element that is more reactive with Cl in the melt from which this sample formed. As these samples are a mixture of meteorite finds and observed falls, it is unlikely that terrestrial weathering could be the cause of the observed correlation.
Degassing of metal chlorides
In the case of the Moon, there are currently two main models proposed for the fractionation of Cl isotopes; (i) the degassing of Cl, in the absence of H, as metal chlorides from lunar mare magmas (Sharp et al., 2010b; Ustunisik et al., 2015) and (ii) degassing of metal chlorides from the lunar magma ocean or urKREEP . If degassing had played a significant role then there are several characteristic features that should be observed in apatite as outlined below (Sharp et al., 2010b; Boyce et al., 2015; Barnes et al., 2016) : (1) ratios should be observed only in samples that have high D/ H ratios. Mesostasis pockets in partially solidified lunar magmas can evolve differently (Pernet-Fisher et al., 2014) meaning apatite saturation would occur at different times and the solubility of Cl (and H) may be different in various mesostasis pockets. With regards to eucrites, Sarafian et al. (2017b) suggest that observed Cl isotope fractionation occurred during degassing of the vestan magma ocean and also assumed that Cl and H species degassed at the same time. These authors demonstrate that mixed degassing of H 2 + H 2 O can reduce H content without significant isotopic fractionation owing to these species fractionating H isotopes in opposite directions (H 2 degassing leads to Drich melt with a fractionation factor (a) = 0.816, H 2 O degassing leads to D-poor melt a = 1.049; Newman et al., 1988; Sharp et al., 2013a) . This phenomenon has been used to also explain the observations from angrites, where $80% H 2 O was lost with little H isotope fractionation (Sarafian et al., 2017a) . It has been recently demonstrated experimentally that during volatile-rich magma ascent, H is one of the earliest volatiles to degas and a H-rich vapour would be lost at a faster rate than a Cl-rich vapour (Ustunisik et al., 2015) . Once depleted in H, Cl would subsequently become the preferred volatile to degas and would suggest that H and Cl isotope systematics are decoupled (Sharp et al., 2013a; Ustunisik et al., 2015) .
The relationship between Cl and H for the eucrites analysed in this study is shown in Fig. 3 . As presented in Fig. 1 , samples with low Cl content typically have higher 37 Cl/ 35 Cl ratios. Fig. 3 also demonstrates the lack of relationship between d 37 Cl values, Cl content, and H 2 O abundance suggesting the Cl and H systems could be decoupled from each other. Unfortunately, there are no hydrogen isotope or H 2 O content data available for Agoult or NWA 2362. In all samples, apatite grains display almost invariant dD values (Sarafian et al., 2014; Barrett et al., 2016 ) but a range of d 37 Cl values. As shown in Fig. 3, low d Barrett et al., 2016) , however, the Cl isotope analyses were only co-located with one of the H isotope analysis areas (Fig. SM1) . The variation in H 2 O abundance across a grain is probably caused by heterogeneity in the apatite crystal and so the value from the closest H isotope pit is used (229 ppm) in Fig. 3 Barrett et al., 2016) and is also characterised by a slightly enriched d 37 Cl value of +3.45 ± 1.39‰. The apatite in Moore County and DaG 945 also display low H 2 O contents (typically <200 ppm), with DaG 945 showing more variability than Moore County in terms of H 2 O content. Both of these samples display some of the heaviest d 37 Cl values. Results from this study broadly agree with the first two of the characteristic features outlined at the start of this section but disagree with the third and final characteristic. It is possible that the mixed H 2 + H 2 O degassing scenario (Sarafian et al., 2017b) There appears to be a positive correlation between apatite d 37 Cl and bulk d 66 Zn (Fig. 4) . While Zn isotopes do not fractionate significantly during magmatic emplacement and differentiation (only 0.07‰, Chen et al., 2013; Sossi et al., 2018) they are highly fractionated during evaporation processes (e.g., Moynier et al., 2009; Day et al., 2017a Day et al., , 2017b Barrett et al. (2016). which contain significantly more H 2 O and Cl and display relatively unfractionated d 66 Zn and d 37 Cl values, appears to support the hypothesis that Cl could have degassed as metal chlorides (Paniello et al., 2012; Sarafian et al., 2017b) . Graves Nunataks (GRA) 98098, however, does not follow this trend containing the highest Cl abundance of eucrites to date but is also enriched in heavy isotopes for both Cl and Zn. As such a different process is required to explain the d 37 Cl values of GRA 98098.
To test the degassing hypothesis further, simple degassing modelling was undertaken using the Rayleigh fractionation relationship R ¼ R 0 Â f aÀ1 ð Þ , where R o and R are the initial and final 37 Cl/ 35 Cl ratios of chlorine in the melt, respectively, a is the fractionation factor and f is the fraction of chlorine remaining in the melt. Fig. 5 shows degassing curves for a variety of metal chloride species assuming an initial d 37 Cl of 0‰. Based on this model basaltic eucrites studied here appear to be relatively undegassed. The slightly 37 Cl-enriched values observed by Sarafian et al. (2017b) in Stannern (d 37 Cl + 1.69 ± 2.30‰), Cachari (d 37 Cl 4.87 ± 2.25‰), and anomalous eucrite Pasamonte (d 37 Cl + 1.60 ± 0.32‰), require between roughly 10-50% degassing depending on the metal chloride species. If apatite in a single sample shared a common degassing event, the inter-grain variation observed could potentially be explained by grains crystallising at different times during the same event.
Apatite in the residual eucrite DaG 945 have d 37 Cl values of $+30‰ and low H 2 O abundances ($50 to $150 ppm H 2 O; Barrett et al., 2016) which could indicate loss of Cl in a H-poor environment at the time of degassing (Sharp et al., 2010b; Boyce et al., 2015; Barnes et al., 2016) . Given that DaG 945 d 66 Zn values are also significantly fractionated ( Fig. 4 ; it should be noted that the calculated leverage (HI) values for this sample do not suggest it is an outlier and the p-value is <0.05), this could suggest ZnCl 2 was one of the degassing phases for this sample and that >95% degassing had occurred. It is difficult to ascertain whether Agoult has undergone any degassing owing to the large uncertainties associated with its d 37 Cl values. Whilst the lightest Cl isotope value from this sample (À3.98 ± 6.08‰) does have the highest Cl content, at 44 ppm, and the heaviest value has the lowest Cl content (+11.64 ± 7.24‰ and 25 ppm Cl), the large uncertainties associated with all of the isotopic measurements from this sample precludes any meaningful correlation. Cl isotope values of $+8‰, similar to that of NWA 2362 can be modelled by moderate amounts of degassing with a range from 38% to 66% Cl vapour loss, depending on the degassing species. Ap4 in NWA 2362 records heterogeneous Cl isotope values and contents. Since the more fractionated d 37 Cl value is associated with the lower of the two measured Cl contents, it could potentially be an example of an apatite that crystallised during degassing. Ap1 from the same sample, however, does not show the same correlation. Without knowing the orientation of the crystal it is not possible to know if this intra-sample variation represents a loss of Cl from core to rim.
In contrast to the basaltic and residual eucrites, Moore County displays a more variable Cl isotope composition with a correlation between decreasing Cl content and increasing d 37 Cl values ( Fig. 1 ). As this sample is a cumulate eucrite and is likely to have formed at depth, conventional wisdom would suggest that it is unlikely to have suffered any significant magmatic degassing. Recent work by Wales and Boyce (2016) documents the loss of H from apatite in terrestrial intrusions which could lead to isotopic fractionation. These authors suggest that caution should be taken when interpreting intrusive rocks in terms of degassing. Owing to the aforementioned variability of the Cl isotope composition and negative correlation between Cl content and d 37 Cl it is possible that Moore County may have degassed Cl. Similar to DaG 945, the apatite grains analysed in this study for Moore County also have a low H 2 O abundance (25 to $125 ppm H 2 O; Barrett et al., 2016) and may have degassed chlorine in a hydrogenpoor environment. These low H 2 O abundances for Moore County, however, are in stark contrast to the $0.6 wt.% Sarafian et al. (2013) for apatite with similar petrological context. It would be expected that these apatite grains with high H 2 O content would have unfractionated Cl isotopic compositions (i.e. 0‰).
Eucrite degassing may have occurred relatively early during the formation of Vesta. Paniello et al. (2012) suggested that unbrecciated eucrites represented an early eucritic crust shortly after differentiation and their heavy zinc isotopic signature was owing to the volatilisation of isotopically lighter zinc. For the Moon, Dhaliwal et al. (2017) modelled the loss of Zn during a lunar magma ocean (LMO) phase under various conditions. Their first model yielded a relatively homogenous bulk solid LMO d 66 Zn value, while the second resulted in stratification of d 66 Zn values within the LMO sequence. This second model could be applied to account for the variation in zinc and chlorine isotopes observed in the eucrite parent body. However, as noted by Boyce et al. (2015) , this would suggest later samples would be enriched in incompatible trace elements, something discussed in more detail below in Section 5.3. Degassing during magmatic emplacement/eruption is an alternative hypothesis which can account for the variation seen in eucrites where each sample represents a different flow, some of which degassed (e.g. DaG 945) and some of which did not (e.g. Millbillillie).
Overall the meteorites studied here are consistent with loss of moderately volatile Zn and Cl based on the positive correlation between apatite d 37 Cl and bulk d 66 Zn shown in Fig. 4 , in agreement with the findings of Sarafian et al. (2017b) . Given the strong correlation between Zn and Cl isotopes and low H abundance in measured apatite with heavy Cl isotope signatures, it is possible that the ZnCl 2 was a degassing phase for Cl, in a H-poor environment. A potential minor component could be KCl owing to a weak negative correlation observed between K and d 37 Cl (Fig. 2 and Sarafian et al., 2017b) .
Contamination by 'vKREEP'
An alternative hypothesis is that the Cl isotopic composition is controlled, at least in part, by the addition of an enriched Cl rich component. In the case of the Moon, it is proposed that the later formed cumulates (including the last dregs of the lunar magma ocean (LMO) enriched in incompatible elements such as K, rare earth elements (REEs), and P, collectively called KREEP and its primitive form -urKREEP) acquired heavier Cl, Zn, Ga, and Rb isotopic signatures on account of incompatibility within silicates compared to early formed cumulates with low incompatible trace element abundances and unfractionated Zn and Cl isotopic compositions (Day and Moynier, 2014; Boyce et al., 2015; Kato et al., 2015; Barnes et al., 2016; Kato and Moynier, 2017; . This enriched reservoir, was later mixed (during cumulate overturn) with earlier formed cumulates with unfractionated Cl, to create the range of values observed among samples of different lunar lithological types Barnes et al., 2016) . This contamination by an urKREEP component can be fingerprinted using, for example, bulk La/Sm or La/Yb ratios, where higher La/Sm and La/Yb ratios correspond to increasing contamination Barnes et al., 2016) .
Small fragments of a KREEP-like component discovered in two howardite meteorites suggest the possible existence of a 'vestan KREEP' or vKREEP . Fig. 6 displays the bulk La/Yb ratio versus d 37 Cl of apatite from eucrites. If eucrites were contaminated by a vKREEP component then we would expect to see similar enrichments in heavy Cl and REEs as the lunar samples. As Stannern and the Stannern trend eucrites are characterised by elevated incompatible trace elements, we would also expect these samples to follow the lunar trend and contain enriched Cl isotopic signatures. Stannern shows a slightly enriched bulk La/Yb ratio, compared to the other basaltic eucrites studied here (Fig. 6) . GRA 98098 (a main group eucrite from Sarafian et al., 2017b ) has a La/Yb ratio between Stannern and the main-group basaltic eucrite Millbillillie, but a heavier Cl signature than Stannern, in keeping with the d 37 Cl range of Schneck et al. (2016) . Interestingly, NWA 5073 (a Stannern trend eucrite), which has the highest La/Yb ratio, has one of the lowest average d 37 Cl observed, possibly owing to metasomatic fluid interactions (Roszjar et al., 2011) .
Most basaltic eucrites do not show a significant positive correlation between La/Yb ratio and Cl isotope signature (Fig. 6) to warrant assimilation of a 37 Cl-enriched vKREEP component in their petrogenesis (Mittlefehldt and Lindstrom, 2003; Yamaguchi et al., 2009 ). There does, however, appear to be a negative relationship between La/Yb and d 37 Cl values. The low REE values of Moore County can be accounted for using a mixture of crystals and inter-cumulus magma as outlined by Treiman (1997) and Barrat et al. (2000) . The residual eucrites, however, all display low La/Yb ratios and have significant variation in Cl isotopic composition with DaG 945 having the lowest observed La/Yb ratio and most elevated d 37 Cl values. The Fig. 6 . Plot of bulk La/Yb ratios (normalised to CI chondrites) versus average d 37 Cl values of apatite. 1 Average values from Sarafian et al. (2017b) . The reference chondrite is from Lodders (2003) . The lunar trendline is based on the data of Boyce et al. (2015) and Barnes et al. (2016). lack of positive correlation suggests that contamination by a 37 Cl-enriched vKREEP component is unlikely to cause the variation in d 37 Cl values observed here. Yamaguchi et al. (2009) suggested that, residual eucrites lost a partial melt as a result of extreme metamorphism which is indicated by their light REE depletion. The authors proposed that these partial melts could be the contaminant Barrat et al. (2007) required to form the Stannern trend eucrites. As partial melting is known to concentrate Cl at the Earth's surface (Bonifacie et al., 2008) it is also possible this process might cause isotopic fractionation on extraterrestial bodies. If so, then partial melting of these eucrites could have preferentially scavenged isotopically light 35 Cl to the melt fraction. Correlations between d 37 Cl and La/Yb ratio in cumulate and residual eucrites (Fig. 6) , could be accounted for by differing degrees of partial melting or contamination, with DaG 945 having undergone the largest degree of partial melting and NWA 5073 having experienced the most contamination. The high d 37 Cl values observed in apatite from Stannern ($+3.45‰), however, do not appear to fit this hypothesis.
Partial melting and diffusion-controlled isotope fractionation
There are problems, however, with this mechanism: at high temperatures Cl is not expected to fractionate significantly (Schauble et al., 2003) , and there is no experimental evidence for fractionating Cl isotopes during partial melting, unlike the case with Fe isotopes, where isotopically heavy iron preferentially enters the melt (Weyer and Ionov, 2007) , contrary to what would be required to explain the Cl isotope data.
Instead of partial melting directly fractionating Cl, if the crust were partially melted and the melt already saturated with respect to apatite, then the apatite could have exchanged volatiles by diffusion with the melt. Diffusion has the potential to alter the Cl content of the apatite and fractionate Cl isotopes, with 35 Cl diffusing faster than 37 Cl (Eggenkamp et al., 1994) . Experiments conducted at low temperatures in aqueous environments demonstrate that only minor fractionation, up to 2‰ could be produced by diffusion (Eggenkamp and Coleman, 2009 ), which unsurprisingly decreases with increasing temperature (Eggenkamp, 2014) . Recent work, however, by Fortin et al. (2017) on Cl diffusion in dacite melts, suggests fractionations up to $5‰ are possible during convective bubble growth. This suggests that, even under the most favourable conditions, diffusion-controlled Cl fractionation would lead to at most <5‰ variation of d 37 Cl values and could not account for the large variations (>5‰) observed in some eucrites. As no single process adequately explains the observations, it would suggest that more than one process was involved in establishing the final Cl isotopic composition of eucrites. Sarafian et al. (2017b) presented data for Pasamonte, a sample with a small, yet resolvable, difference in O isotopic composition from basaltic eucrites along with low-level Femetasomatism despite being otherwise petrologically and compositionally indistinguishable from them (Wiechert et al., 2004; Greenwood et al., 2005; Scott et al., 2009 ). This allows for comparison between anomalous eucrites and typical basaltic eucrites. The fact that Pasamonte has a similar volatile content and isotopic signature, for both hydrogen (Sarafian et al., 2014) and chlorine (Sarafian et al., 2017b) , suggests that at least these two bodies may have a common source region for their volatiles and have undergone similar processes, or, if Pasamonte also represents a portion of Vesta, that the impactor which caused the variation in O isotopes imparted little in terms of volatiles or had a similar isotopic composition of volatile elements to basaltic eucrites. This would likely make the impactor a carbonaceous chondrite-like (Robert, 2006; Alexander et al., 2012; Sharp et al., 2013b Sharp et al., , 2016 Williams et al., 2016) .
Implications for volatiles in the inner Solar System
On a first order estimate, if we assume bulk Vesta accreted from $75% H-chondrite and $25% CM-like chondrite (Boesenberg and Delaney, 1997; Toplis et al., 2013) and use their average bulk d 37 Cl values (Bridges et al., 2004; Sharp et al., 2007; Sharp et al., 2013b) , the initial bulk Cl isotopic composition of Vesta would be $À0.26 ± 2.05‰. The lower bound of this estimate could account for some but not all of the negative d 37 Cl values observed in eucrites. The combined d 37 Cl weighted average of apatite in eucrites (+1.70 ± 0.71‰; n = 127, 95% confidence) is, however, within error of this estimated bulk Vesta value. It should be noted, however, that as degassing raises the Cl isotopic composition, samples with lower values are more likely to be representative of the body than those with high d 37 Cl values (e.g. DaG 945).
Whilst several works have suggested an inner Solar System d 37 Cl of $0‰ (Magenheim et al., 1994; Sharp et al., 2007 Sharp et al., , 2013b , other, more recent, studies have considered the possibility that there might be a reservoir of isotopically lighter chlorine with d 37 Cl $ À4‰ (Bridges et al., 2004; Sharp et al., 2013b Sharp et al., , 2016 Williams et al., 2016; Sarafian et al., 2017b; Shearer et al., 2018) . This lighter reservoir was interpreted by Sharp et al. (2016) as representative of the primitive solar nebula, and as Mars is known to have accreted faster than the other terrestrial planets (Dauphas and Pourmand, 2011; Bouvier et al., 2018) , it could have recorded the primary nebular value within its interior. Bellucci et al. (2017) , however, show that the negative d 37 Cl values (À5.6‰ to À2.7‰) observed in some martian meteorites are associated with core-rim relationships and increased concentrations in all halogens. These authors interpreted this as a rim resulting from reaction with martian brines and, therefore, no isotopically light nebula need be invoked. These authors also note that phosphates do not show grain-scale heterogeneities and record an isotope composition similar to Earth and chondrites, further calling into question the isotopically light nebula reservoir. This would not, however, account for the light isotopic signature recorded by the LL chondrite Parnallee (À1.36 to À4.25‰; Sharp et al., 2013b) or Chassigny (À4 to À6‰) which preserves the noble gas signature of the martial mantle and is unaffected by fluids (Shearer et al., 2018) . As no core-rim zonation is observed in apatite from eucrites and non-zero d 37 Cl values are not typically associated with increased Cl, reaction of apatite with vestan brines, the light isotopically nebula reservoir is still a possibility. As noted earlier, NWA 5073 which contains olivine veins indicating this sample could potentially be a highly metasomatised eucrite Roszjar et al., 2011; Warren et al., 2014) . It is, therefore, possible that the light d 37 Cl values of this sample arise from local fluid effects rather than the mark of a nebula component.
Given the rapid accretion of Vesta (Touboul et al., 2015) and the 37 Cl-depleted isotopic signature observed in this study (although the uncertainties associated with these negative values here are large) and the work of Sarafian et al. (2017b) it is also possible that Vesta has recorded this primary nebular value. The chlorine isotopic variation displayed by the majority of eucrites could then be accounted for by different degrees of degassing of a magma ocean and or during basalt emplacement/eruption. Smaller bodies, such as Vesta, would degas more efficiently than larger bodies owing to a greater surface area to volume ratio and coupled with the more rapid accretion time, and lack of atmosphere, could preserve significantly more heterogeneity than larger, more slowly-forming planetary bodies. The escape velocity on Vesta is low compared to larger bodies (0.36 km s À1 ; Lodders et al., 1998) ; so the escape of volatiles such as Cl and Zn would be trivial (Day and Moynier, 2014) . The Moon is thought to have formed significantly later than Vesta (e.g. Bottke et al., 2015) , but still sufficiently early to have incorporated this primitive reservoir during accretion (as shown by the d 37 Cl À 4‰ in lunar meteorite MIL 05035; Boyce et al., 2015) . Most of the lunar samples display terrestrial-like or 37 Cl-enriched compositions (e.g. Sharp et al., 2010b; Boyce et al., 2015; Barnes et al., 2016) though it is possible that material with a lighter isotopic signature, below the MIL 05035 data point, has yet to be discovered.
The strikingly similar volatile content and isotopic composition of the anomalous eucrite Pasamonte (Sarafian et al., 2017b) with basaltic eucrites and terrestrial values, supports a common volatile reservoir and processes for the asteroid belt. This could be further strengthened by the analysis of other anomalous achondrites for their volatile content and isotopic compositions.
SUMMARY AND CONCLUSIONS
In general, most Solar System materials exhibit a relatively narrow range in bulk and apatite Cl isotope compositions, with terrestrial rocks, martian and chondritic meteorites having d 37 Cl values of $À5.6 to $+1.8‰. Lunar rocks along with residual eucrite DaG 945, however, appear to be an exception, displaying a significant range in their bulk and apatite d 37 Cl values from À4 to +40‰. As eucrites formed very early and are among the most abundant achondrites they can help us to constrain the processes that operated on asteroid parent bodies early in the Solar System history.
In this study the abundance and isotopic composition of Cl in apatite were determined for seven eucrites representing a broad range of textural and petrological characteristics as well as the bulk Zn isotopic composition for one sample. Apatite Cl abundances range over several orders of magnitude from $25 to 4900 ppm and d 37 Cl values range from À3.98 to +39.2‰. Whilst samples with lower measured apatite H 2 O content typically were also enriched in d 37 Cl there was no correlation between d 37 Cl and dD values. A strong positive correlation between bulk d 66 Zn and apatite d 37 Cl supports the hypothesis that Cl degassed as metal chlorides, in a hydrogen poor environment.
Based on the results presented here, the following conclusions can be drawn:
The abundance and isotopic composition of Cl recorded by apatite from basaltic eucrites display a similar range in d 37 Cl values to those reported previously for eucrites (Schneck et al., 2016; Sarafian et al., 2017b) . Residual eucrites, particularly DaG 945, display a large range in compositions similar to lunar apatite (e.g. Boyce et al., 2015; Barnes et al., 2016) . The results obtained here show a weak negative correlation between Cl abundance and d 37 Cl values. Samples enriched in heavy Cl are also relatively H 2 O poor. DaG 945 and Moore County display both of these trends and are in keeping with the degassing of metal chlorides in an H-poor environment (Sharp et al., 2010b) . There is no obvious correlation observed between d 37 Cl and dD values of apatite. A strong positive correlation (R 2 = 0.95) between bulk d 66 Zn and d 37 Cl is observed suggesting that ZnCl 2 could have been a degassing metal chloride. A weaker, negative correlation is observed between bulk K content and d 37 Cl which could suggest contemporaneous KCl degassing. When compared with d 37 Cl of apatite, the bulk La/Yb ratios of eucrites appear to follow a trend opposite to that observed for the Moon Barnes et al., 2016) , suggesting that contamination of eucritic magmas by a 'vKREEP' component (if that took place) is unrelated to the Cl isotope fractionations recorded in apatite.
Here we present evidence from volatile elements that improves our understanding of the magmatic processes that operated on the HED-parent body $8 to 20 Ma after CAIs. The data in this study would suggest that multiple processes could be involved in the acquisition of the Cl isotopic composition of eucrites. One possible mechanism of 37 Cl isotope enrichment on Vesta could have been the degassing of Cl in the form of metal chlorides. The timing of this degassing, however, remains enigmatic.
